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The whole-cell patch-clamp technique has been used to increase intracellular pressure via the pipette while monitoring changes in membrane 
capacitance (related to membrane area) in single aleurone protoplasts. Increased pressure increased membrane capacitance and diameter, upon 
the release of pressure both parameters returned to resting levels. Pressure also reversibly increased membrane conductance. Comparison between 
diameter and capacitance shows that the capacitance changes are due to changes in cell surface area. These results show that pressure can rapidly 
alter the balance between exo- and endocytosis. Pressure-induced changes in conductance are suggested to be due to insertion/withdrawal of 
channels with the ego-/endocyto~d membrane. 
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1. INTRODUCTION 
Membrane turnover in eukaryotic cells involves exo- 
and endocytosis. This has heen documented in single 
animal cells by measurements of membrane capaci- 
tance, a parameter linearly proportional to plasma 
membrane area [l-3]. Although it seems likely that exo- 
and endocytosis occur in plant cells, we know of only 
one direct study of these processes in plant cells [4]. Here 
we have used the whole-cell patch-clamp technique [5] 
to monitor membrane surface area (membrane capaci- 
tance, Cd in single aleurone protoplasts. 
The aleurone surrounds the storage tissue of seeds, 
and secretes hydrolases, such as a-amylase upon germi- 
nation [6]. The hydrolytic enzymes then mobilize energy 
and nutrient reserves to enable the growth of the devel- 
oping embryo. In intact seeds, the overall process of 
germination occurs upon imbibition of water, which 
results in an increase in the turgor of the cells, i.e. an 
increase in the pressure xperienced by the plasma mem- 
brane. 
2. MATERIALS AND METHODS 
Protoplasts from barley aleurone were prepared according to the 
methods described previously [4,7l, with the following modifications. 
Before the 48 h incubation with cellulase (Onozuka RIO, S%), aleurone 
layers were predigested for 4 h, then transferred to fresh enzyme- 
containing solution. All operations were performed in air, not in an 
N, atmosphere. Protoplasts were purified on a Nycodenz step gradient 
(70%150%/O%, weight to volume). The bathing solution consisted of 
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(in mM): KCI, 1 CaC12, 2 MgQ, 10 MES (2[EI-morpholinofetha- 
nesulfonic acid)/NaOH, pH 5.6. The pipette-filling solution contained: 
120 K glutamate, 2 MgC&, 10 HEPES (~-2-hydroxyethylpi~r~ine- 
Ar’-ethanesulfonic acid)/KOH, pH 7.2, 1 to 2 ATP, 1 to 11 EGTA 
(ethylene glycol bis-@-aminoethyl ether) N,N,K,K-tetraacetic acid), 
giving a calcium activity of around 30 nM [3]. In some experiments 
CAMP was added to the pipette solution. Varying the concentration 
of EGTA and the addition of CAMP had no apparent effect on electro- 
physiological parameters recorded. All salts were obtained from 
Sigma. 
Standard patch-clamp whole-cell recording techniques were used to 
measure membrane capacitance [S-lo]. Patch pipettes of 3 to 7 MQ 
were prepared [19], which resulted in an average access conductance 
in whole-cell recordings of 114 + 39 nS (mean + SD., n = 43). Mem- 
brane capacitance (C,,,), parallel combination between membrane leak 
and membrane conductan~ (G,,,), and access conductan~ (G,) were 
measured using a lock-in amplifier (I mV p-p, 1600 Hz) with a com- 
puter performing on-line calculations [9,10]. The computer program 
was written by Dr. J. Dempster from the University of Strathclyde, 
Glasgow, UK. Cells were held at -50 to -80 mV, and G,,, was esti- 
mated from d.c. membrane current and driving potential (holding 
potential - reversal potential). The average reversal potential at rest- 
ing conditions was -57 -t 25 mV (mean rt S.D., n = 22), which is close 
to the Nemst potential for Kf ions in our recording situation when 
junction potential is taken into account. Osmotic pressures of solu- 
tions were measured by a Wescor (5500) vapor-pressure osmometer 
and adjusted with sorbitol (Calbiochem) to within 10% of each other 
(1100 mOsm/kg). Experiments were performed at 22°C. Protoplast 
diameter was measured with an eye-piece micrometer, pipette pressure 
was measured with a water manometer. Unless stated otherwise statis- 
tics are in the format mean ? S.E.M. 
3. RESULTS 
Immediately after establishing awhole-cell recording, 
resting C, and protoplast diameter were measured. As- 
suming these cells are spherical [12], we expect C, to 
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equal c * 4 * a. ?, where c is the specific capacitance and 
Y is the protoplast radius. Linear regression between 
measured resting C, (in pF) and calculated membrane 
area (in pm*) is shown in Fig. 1A. The slope of the line 
corresponds to specific capacitance of 0.75 bF/cm2, 
which is similar to that reported in animal cells meas- 
ured with the same technique [4,13]. This shows that the 
membrane area changes can be monitored by measure- 
ments of C,, which is also in agreement with results 
obtained in animal cells [l]. 
The use of whole-cell patch clamp techniques not 
only allows the control of electrical parameters of 
plasma membrane and the composition of the cytosol 
[14], but also the application of pressure to the pipette 
interior and therefore to the inside of the cell [ 151. Appli- 
cation of positive pressure (1 to 4 mm H,O; inside rela- 
tive to the outside of the cells) resulted in an increase in 
C,, protoplast diameter and membrane conductance 
(Fig. 2). The activation of C, and membrane current 
appeared to be simultaneous within the time resolution 
of the recording (25 Hz, see Fig. 3A). 
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Fig. 1. (A) Correlation between resting membrane capacitance and 
protoplast membrane area (calculated from diameter, assuming proto- 
plasts are spheres), measured immediately after the establishment of 
a whole-cell recording configuration. The line is of the form: 
y = (0.0075 + 0.003)~ + (1.6 + 0.9), with a correlation coefficient of 
0.94, n = 85. This gives a specific capacitance of 0.75 I.rFfcrn’. The 
constant erm is not significantly different from zero. (B) Correlation 
between pressure-induced changes in the protoplast surface area (cal- 
culated as in panel A) and membrane capacitance. The line was drawn 
according to the equation in panel A. Different symbols denote differ- 
ent cells. 
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Fig. 2. Pressure-induced changes with time of membrane capacitance 
(Cd, protoplast diameter (DIA.), and parallel combination of leak 
and membrane conductance (GA in a cell dialysed with pipette filling 
solution containing 1 mM EGTA, 100 ,uM CAMP, and 2 mM ATP. 
Bottom trace indicates changes in holding potential across the cell 
membrane (I’,). Access conductance of 170 nS was constant during 
the recording. During the application of pressure (around 4 mm H,O, 
indicated by the bar), the holding potential had to be changed due to 
saturation of the A/D converter. Note that at the beginning and at the 
end of the experiment, the levels of G,,,, and thus levels of the mem- 
brane current, are similar. Reversal potential measured before the 
application of pressure was -67 mV. Initial capacitance was 34 pF and 
the initial protoplast diameter was 37 ,um. Dotted line denotes zero 
levels on conductance and voltage traces. 
After the release of the pipette pressure, C, returned 
towards the values before the pressure application. The 
decline was slower than the rise (Fig. 2). The decay time, 
estimated as the time taken for half the change in C, to 
occur, varied between 50 to 1000 s. Assuming the decay 
was linear, the rates were from 2 to 89 fF/s (average 
21 + 2 fF/s, IZ = 7). These are at least fivefold slower 
than the rise time, estimated as the maximal increase in 
C,, which was 133 + 30 fF/s (range 26 to 225 @Is., 
n = 7). The increase in C,, protoplast diameter, and 
membrane conductance could be evoked repeatedly in 
a single protoplast (not shown). 
Application of pressure caused an increase in proto- 
plast diameter and this returned to resting values upon 
the release of pressure (Fig. 2). When pressure-driven 
changes in C,,, were plotted against the calculated mem- 
brane area, the relationship remained constant and not 
significantly different to the relationship between rest- 
ing C, and calculated membrane area (Fig. 1B). The 
same relationship was found for changes induced by 
cytosolic Ca2+ (see [4]). Such results indicate that the 
changes in C, are due to insertion and retrieval of mem- 
brane to and from the plasma membrane. This is likely 
to be due to the processes of exocytosis and endocytosis, 
respectively. 
An increased pressure inside the protoplast also re- 
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Fig. 3. (A) Representative recording of pressum induced changes in membrane capacitance (top) and membrane current (middle) and pressure 
application protocol, indicated by the bottom trace. Dotted line denotes zero membrane current. The holding potential was -84 mV, with a reversal 
potential of -77 mV. Pipette fitting solution as in Fig. 2. The resting membrane capacitance of 37.3 pF was subtracted from the top trace (bandwidth 
in top and bottom trace is 25 Hz, -3dB, Butterworth). (B) Correlation between pressure-induced change in membrane capacitance (abscissa) and 
membrane current (ordinate) from recordings in panel A. The signal was sampled every 30 s and amplitudes were measured relative to the stationary 
levels before the pressure application. The line is of the form y, = 2.2 + 7.9x,, correlation coefficient is 0.99, n = 12. 
s&ted in a reversible increase in membrane conductance 
(d.c. membrane current). The increase in d.c. current is 
very slow and continues over the entire period of in- 
crease in C, (Fig. 3A). As activation of mechanosensi- 
tive channels is much faster than this, with a time con- 
stant of less than a second [I 51, it seems more likely that 
this increase in current is due to the addition of more 
channels with the inserted membrane. A linear relation- 
ship between pressure induced C,,, and current is consis- 
tent with this proposal (Fig. 3B). 
4. DISCUSSION 
In this paper, we describe a rapid increase in exocyto- 
sis in response to small increases in intracellular pres- 
sure. Pressure-driven exocytosis may contribute to the 
Ca*‘-dependent exocytotic secretion upon imbibition of 
water by the seed. As water enters the seed, turgor of 
cells will increase (at least in the early stages of germina- 
tion), and this may well promote the secretion of hydro- 
lytic enzymes into the endosperm. 
There is a wealth of data in animal systems, where a 
role of osmotic pressure in exocytotic secretion has been 
suggested [16]; and recent direct measurements of in- 
creased capacitance upon osmotic swelling of human 
epithelial cells supports earlier work 1171. Given the 
sensitivity of secretion of these cells to cytosolic Ca*’ [4], 
it would also be interesting to know to what extent the 
pressure-induced increase in C, is sensitive to changes 
in cytosolic Ca*+ activity. 
A notable feature of the measurements presented here 
on plant cells is the extreme sensitivity of the exocytosis 
to increased pressure. In the work of Okada et al. [l?], 
large gradients of osmotic potential were applied to 
cells; and calculations of the active volume by Heine- 
mann et al. [ 18] also suggest large pressures are required 
for the perturbation of exocytosis in animal cells. Acti- 
vation volume, dV, is determined by: 
In8 = PA VlkT 
where 8 is the ratio of the time constants at normal 
pressure and at the higher pressure (P), k is Boltzmann’s 
constant and T is the absolute temperature (see [18]). 
Calclations for the barley aleurone cells used in the 
current work indicate an activation volume of 3 x 1O-22 
m3, almost lo6 times greater than in the mast cells and 
chromaffin cells used by Heinemann et al. [18]. This 
suggests that exocytosis in plants is about lo6 times 
more sensitive to changes in pressure compared to the 
similar process in animals. This may be related to the 
high turgor pressure found in plant cells; however, the 
molecular basis for such differences definitely merits 
further attention. 
The pressure-driven cycle of exo-endocytosis (Fig. 2) 
can be best explained by a sequential coupling between 
the two processes 2191. The coupling mechanism is not 
known. On the one hand, a biochemical link can be 
postulated, where changes in cytosolic Cazc may play an 
important role. This may be the case at least in trigger- 
ing exocytosis, but endocytosis appears to be insensitive 
to changes in Ca’+ 1191. On the other hand, coupling 
could be established simply by an unknown biophysical 
property of the lipid bilayer itself [ZO]. Lipowsky [20] 
has reviewed low energy cost mechanisms which may 
contribute to shape changes of cell-sized liposomes. 
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Also of interest from these results is the increase in 
conductance concomitant with the increase in capaci- 
tance. It seems likely that this is due to the insertion of 
channels with the exocytosed membrane. The ionic se- 
lectivity of these channels in our experimental condi- 
tions has not been investigated in detail; the pressure- 
induced current, which was always an inward current 
(Fig. 3A), could be due to a range of channels, as the 
plasma membrane was held at potentials negative of the 
equilibrium potential for several ions (including K’). It 
is interesting to note that an increase in membrane con- 
ductance was not apparent with Ca”-stimulated in- 
creases in membrane capacitance [4]. This suggests to 
us that the pressure-stimulated increases in membrane 
capacitance may not be mediated by Ca2+; it also sug- 
gests that two different populations of vesicles are fus- 
ing to the plasma membrane, with fusion stimulated by 
different events. The possibility of the existence of two 
populations of vesicles means it is also possible that the 
vesicles stimulated by pressure do not contain hydro- 
lytic enzymes, and thus may not be involved directly in 
the secretion during germination; this proposal is cur- 
rently being tested. 
To conclude, our experiments have provided evidence 
for membrane turnover in plant cells, which is pressure- 
sensitive. This may contribute to controlling exocytotic 
secretion of hydrolytic enzymes during germination of 
seeds. In addition, pressure-driven changes in mem- 
brane capacitance were paralleled by a reversible 
change in membrane conductance, which is proposed to 
be due to insertion and retrieval of channels with the 
membrane vesicles being inserted into and retrieved 
from the plasma membrane. Although there are some 
similarities in the control of exocytosis in plant and 
animal cells (such as stimulation by cytosolic Ca2+; (see 
[4]), there also appear to be clear differences, particu- 
larly in the sensitivity of the processes to hydrostatic 
pressure. 
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